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ABSTRACT: Exosomal microRNAs (miRNAs) are valuable biomarkers closely
associated with cancer progression. Therefore, sensitive and specific exosomal
miRNA biosensing has been employed for cancer diagnosis, prognosis, and

prediction. In this study, a miRNA-based DNA nanonet assembly strategy is WHESG ) Assembly

proposed, enabling the biosensing of exosomal miRNAs through dumbbell dual- | (i m n:g;

hairpin under isothermal enzyme-free conditions. This strategy dexterously designs cosimarpin

a specific dumbbell dual-hairpin that can selectively recognize exosomal miRNA, ,
inducing conformational changes to cascade-generated X-shaped DNA structures, ™~ S
facilitating the extension of the X-shaped DNA in three-dimensional space, T rea”
ultimately forming a DNA nanonet assembly. On the basis of the target miRNA, Exosomal WM Eosensng H -
our design enriches the fluorescence signal through the cascade assembly of DNA = - 7 :

nanonet and realizes the secondary signal amplification. Using exosomal miR-141 Tartongn

as the target, the resultant fluorescence sensing demonstrates an impressive

detection limit of 57.6 pM and could identify miRNA sequences with single-base variants with high specificity. Through the analysis
of plasma and urine samples, this method effectively distinguishes between benign prostatic hyperplasia, prostate cancer, and
metastatic prostate cancer. Serving as a novel noninvasive and accurate screening and diagnostic tool for prostate cancer, this
dumbbell dual-hairpin triggered DNA nanonet assembly strategy is promising for clinical applications.

B INTRODUCTION constant temperature attributes simplify instrument usage and
reduce experimental costs,”* ™' thus enhancing its relevance in
biosensor development. Dirks et al. proposed the classical HCR
system, utilizing complementary DNA hairpins and initiators
with sticky ends to generate simple one-dimensional DNA
nanostructures for signal amplification.”” However, the
sensitivity of this traditional HCR system was suboptimal, and
the reaction kinetics were limited.”® Hence, two-dimensional
DNA biosensing systems, such as multibranch HCR*7%¢ and
net-like HCR,”** have achieved exponential signal amplifica-
tion of DNA structures in a two-dimensional space through
DNA nanoassembly, building upon Dirks et al.’s linear signal
amplification foundation. The dumbbell hairpin is a specially
designed probe that has been widely applied in liquid

Exosomes have emerged as a promising target for liquid biopsy,
thanks to their abundance in body fluids, stable circulation, and
specific bioactive cargo.'~* Of particular interest are microRNAs
(miRNAs) found within exosomes, which are derived from
donor cells and act on recipient cells as essential gene expression
regulators,”~” mediating intercellular communication and
influencing cancer development.g_11 MiRNAs within exosomes
have demonstrated superior sensitivity and specificity compared
to single cancer protein markers, making them valuable tools for
early cancer screening, predicting cancer tumor, node, meta-
stasis (TNM) staging, assessing prognosis, monitoring ther-
apeutic effects, and evaluating drug resistance.'>™*> Therefore,

the detection of exosomal miRNAs offers the potential for —
o . . . P . biopsy.””~** Chen et al. designed a dumbbell hairpin that can
accurate and noninvasive diagnosis of patients, aligning with the

: . . . +
trend of precision medicine and holding promising prospects for recg):gmze dual miRNAs simultaneously, combined Ag 2 nd
widespread clinical applications.lé_lg Hg™", and used CdTe quantum dots and carbon dots to achieve

Emerging DNA-based nanotechnologies, such as strand signal amplification for enzyme-free amplification and instant

displacement amplification, catalytic hairpin assembly, and

rolling circle amplification, hybrid chain reaction (HCR), Received: March 18, 2024
capitalize on DNA’s Watson—Crick base pairing and program- Revised:  April 7, 2024
20-22
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mable sequences
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acid, infectious microorganisms, and toxic metal ions biosens-
ing.”>~*” Among these, HCR stands out for its exceptional
sensitivity and specificity. Additionally, its enzyme-free and

serving as viable solutions for nucleic
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Scheme 1. Illustration of Our Strategy”
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“(A) The process of our method implementation. (B) Dumbbell dual-hairpin triggered DNA nanonet assembly for cascade-amplified sensing of

exosomal microRNA.

detection of dual miRNAs in urine.*’ Dong et al. developed a
dumbbell probe based on entropy-driven strand displacement
reaction, capable of specifically identifying the altered
fluorescence (FL) signal produced by miR-193b and Af42
oligomers, and used graphene oxide to reduce the background
signal for more sensitive detection.” However, these researchers
introduced other methods or materials to amplify the sensing
signal, treating the dumbbell hairpin as a simple tool for signal
conversion rather than the main role of signal amplification.
Therefore, the application of dumbbell hairpins in biosensing is
still relatively simple, and there is still a lot of room for play.
Building upon the two-dimensional HCR and programmable
DNA sequences, we cleverly designed dumbbell dual-hairpin
and constructed the dumbbell dual-hairpin triggered DNA
nanonet assembly for cascade-amplified sensing of exosomal
miRNA (Scheme 1). Our approach involves the design of two
dumbbell dual-hairpins, namely, DB1 and DB2, each comprising
H1 and H3, and H2 and H4, respectively. Both sticky ends of H1
and H3 have been modified with FAM and BHQ], respectively,
and the fluorescence signal of FAM was quenched by BHQ1 due
to Forster resonance energy transfer (FRET) in the stable state.
Upon the presence of specific exosomal miRNA, DB1 and DB2
dumbbells undergo chain substitution, resulting in the formation
of an X-shaped DNA structure. The strategic design of the
dumbbell dual-hairpin facilitates the extension of the X-shaped
DNA in three-dimensional space, promoting further assembly
into DNA nanonet. This structural change effectively increases
the distance between FAM and BHQI, inhibiting FRET and
enabling the quantification of exosomal miRNA levels. Herein,
leveraging the biomarker role of miR-141*>% and its significant
expression discrepancies in exosomes among patients with
benign prostatic hyperplasia (BPH), prostate cancer (PCa),"’
and metastatic prostate cancer (mPCa), we established a
biosensing model targeting exosomal miR-141. This model
enabled the enzyme-free in vitro biosensing of exosomal miR-
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141, showcasing its immense potential as a precise and
noninvasive screening and diagnostic tool for PCa.

B EXPERIMENTAL SECTION

Materials and Reagents. All oligonucleotides (Table S1)
were synthesized by Sangon Biotechnology (Shanghai, China)
and purified using high-performance liquid chromatography
(HPLC). Sodium chloride was obtained from Sigma-Aldrich.
Magnesium chloride hexahydrate was purchased from Solarbio
Science & Technology Co., Ltd. (Beijing, China). Sodium 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was
procured from Sangon Biotechnology Co., Ltd. (Shanghai,
China). Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel preparation reagents were acquired
from Beyotime Biotechnology (Shanghai, China). SX Tris/
borate/EDTA (TBE) buffer was sourced from Solarbio Life
Sciences (Beijing, China). The 20 bp DNA ladder was obtained
from Takara Bio (Shiga, Japan). Super GelRed nucleic acid stain
was supplied by Biotium (Fremont, USA). The buffer used in
this study was a mixed HEPES buffer composed of 10 mM
HEPES, 1 M NaCl, and 50 mM MgCl,, adjusted to pH 7.4."* A
stock solution of oligonucleotides was prepared by dissolving
them in sterile HEPES buffer (10 mM HEPES, 1 M NaCl, and
50 mM MgCl,) at pH 7.4. All solutions were prepared using
ultrapure water (resistivity of 18.2 MQ/cm) from the Millipore
ultrapure water system. Human plasma and urine samples were
collected from Southwest Hospital, Chongqing, China. The
patient sample experiment was approved by the Ethics
Committee of the First Affiliated Hospital of the Army Medical
University (KY201993).

Detection Procedure. Four hairpin DNAs (H1, H2, H3,
H4) were denatured at 95 °C for S min, followed by annealing at
25 °C for 2 h to achieve the designed hairpin structures. In 20 4L
of hybridization buffer (10 mM HEPES, 1 M NaCl, S0 mM
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Figure 1. Verification of our design. (A) Polyacrylamide gel electrophoresis analysis. Lane 1: 20 bp DNA ladder; lane 2: H1; lane 3: T + H1; lane 4: H1
+H2; lane 5: T + H1 + H2; lane 6: H1 + H2 + H3; lane 7: T + H1 + H2 + H3; lane 8: H1 + H2 + H3 + H4; lane 9: T + H1 + H2 + H3 + H4. (B)
Fluorescence spectra in the presence and absence of T. Concentrations: miR-141, 10 nM; H1, H2, H3, H4, 100 nM.

MgCl, pH 7.4), concentrations of 100 nM of H1, H2, H3, and
H4 were present. Various concentrations of miR-141 were
added to catalyze the assembly reaction. After incubating at 40
°C for 3 h, the mixture underwent structural characterization
and fluorescence measurements at least three times. Fluo-
rescence spectra were recorded by using an F-7000 fluorescence
spectrophotometer. The excitation wavelength was set at 480
nm, and fluorescence data were collected within the range of
500—600 nm.

Characterizations. The size and morphology of the DNA
nanonet assembly were measured with a Bruker Dimension Icon
atomic force microscope (Bruker, Germany). Nanoparticle
tracking analysis (NTA) was performed using a Zetasizer Nano
7590 (Malvern Instrument Ltd., U.K.). Fluorescence spectra
were performed with an F-7000 fluorescence spectrophotom-
eter (Hitachi Co. Ltd., Japan). The reverse transcription
quantitative polymerase chain reaction (qQRT-qPCR) analysis
was recorded with a CFX96 real-time system (Bio-Rad).

12% PAGE Gel Electrophoresis. Target miRNA was
combined with dumbbell dual-hairpin and incubated at 40 °C
for 3 h (each hairpin probe concentration was maintained at 100
nM). After the reaction, S uL of each reaction product was mixed
with 1 uL of a 6X loading buffer and subjected to 12% PAGE gel
electrophoresis. The gel was run at a constant voltage of 130 Vin
1X Tris/borate/EDTA (TBE) buffer for 50 min, visualized
under UV light, and gel images were captured using a digital
camera.

Atomic Force Microscopy (AFM). A 200 uL aliquot of the
prepared sample was deposited onto a mica sheet, allowed to air-
dry, and subsequently imaged using Bruker Dimension Icon
AFM.

Exosome Isolation. Plasma and urine samples were
collected from patients and subjected to centrifugation at
3000 g for 20 min at room temperature. The supernatant was
collected and further centrifuged at 10 000 g for 30 min at room
temperature. The supernatant was prefiltered using a 0.22 um
filter. Subsequently, exosome extraction was performed using
the exoEasy Maxi Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions.

Transmission Electron Microscopy (TEM). The sealing
film was carefully positioned on the glass sheet, and the copper
mesh was delicately placed onto the sealing film by using
tweezers. A 10 uL aliquot of exosomes was applied to the copper
mesh. Following a 10 min of incubation, the surplus liquid was

absorbed using a small piece of filter paper, and subsequently, a
10 L volume of 3% uranyl acetate was applied to the copper
mesh. The sample was air-dried before imaging with an FEI
Tecnai G2 12 transmission electron microscope (FEL).

Western Blotting. The cellular or exosomal total proteins
were obtained from radioimmunoprecipitation assay (RIPA)
lysates and quantified using a bicinchoninic acid (BCA) protein
assay kit. Subsequently, the total proteins were separated via
SDS-PAGE gel and transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore). Following a 1 h blocking step
in 5% skim milk, the membrane was probed with CD63 antibody
(1:1000), CDS81 antibody (1:500), and GAPDH antibody
(1:10 000), overnight at 4 °C. This was followed by incubation
with secondary antibody at 37 °C for 2 h. Imaging was achieved
using an enhanced chemiluminescence (ECL) reagent (Beyo-
time, China).

Extraction and qRT-PCR Analysis of Exosomal miR-
NAs. Total RNA from exosomes in plasma and urine was
extracted using the exoRNeasy Midi Kit (Qiagen) following the
manufacturer’s instructions and previous studies.”” Total
microRNA was reverse-transcribed into ¢cDNA using the
miScript II RT Kit (Qiagen) following the manufacturer’s
protocol. After the template miRNA was added, the reverse
transcription enzyme was inactivated by heating at 85 °C for 5
min. Subsequently, qRT-PCR was conducted at least three
times, using the miScript SYBR Green PCR Kit (Qiagen), with
cycling conditions set at 95 °C for S s followed by 40 cycles of 60
°C for 20 s.

B RESULTS AND DISCUSSION

Construction of Dumbbell Dual-Hairpin-Triggered
DNA Nanonet Assembly. This paper introduces a novel
biosensing approach for precise PCa diagnosis, employing
exosomal miR-141 and dumbbell dual-hairpin. The biosensing
system comprises two dumbbell dual-hairpins, DB1 and DB2,
consisting of H1 and H3, H2 and H4, respectively. H1, H2, H3,
and H4 are designed to complement themselves with 16 and 6
bases at the 5’ end and 3’ end, respectively, and could stably
form dumbbell hairpins without other interference. The close
distance between FAM and BHQI quenches the fluorescence
signal of FAM. Moreover, there is a long complementary
sequence of 20 bases between H1 and H3, and H2 and H4,
allowing the form of a dumbbell dual-hairpin and the quench of
FAM. In the presence of specific exosomal miRNA (T), T can
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Figure 2. Optimization of important experimental factors. (A) Temperature optimization. (B) Time optimization. (C) Hairpin concentration. (D) pH
optimization. Concentrations: miR-141, 10 nM; H1, H2, H3, H4, 100 nM. F and F, represent the fluorescence intensities of the probes in the presence

and absence of miR-141, respectively.

act on H1 in DB1 and undergo a chain substitution reaction with
DB, leading to the exposure of the 3" end in H1. The 3’ end of
H1 has specific complementary capabilities with H2 in DB2,
resulting in the structure change in H2. H3 and H4 undergo
hairpin structure changes to form X-shaped DNA, and T is
released for the next signal amplification cycle. Based on a single
dumbbell hairpin, the dumbbell dual-hairpin has a hairpin that
has not been opened at the other end and can activate the next
reconstruction triggered by T so that the X-shaped DNA can
continue to extend in three-dimensional space, forming a DNA
nanonet. In this process, the distance between FAM and BHQ1
increased due to the formation of the DNA nanonet, and the
fluorescence signal of FAM was no longer quenched by BHQI.
Furthermore, the formation of DNA nanonet enriched FAM
scattered in the solution, and the fluorescence signal was
amplified again. Conversely, in the absence of T, the dumbbell
dual-hairpin remained in a stable structure, resulting in FRET-
induced fluorescence quenching from FAM to BHQI. There-
fore, through the continuous circulation of T and the formation
of a DNA nanonet, the signal conversion and secondary
amplification from T to FAM are achieved.

To ensure that each hairpin probe undergoes subsequent
steps and that the proper construction of the dumbbell dual-
hairpin triggered DNA nanonet assembly occurs as described in
Scheme 1, gel electrophoresis was performed. As shown in
Figure 1A, a comparison with the H1 control (lane 2) revealed
that the mixture of H1 and T exhibited partial retardation of
electrophoretic mobility (lane 3), indicating the activation of the
assembly process by T. Moreover, evident retardation of
electrophoretic mobility was observed in lanes 5, 7, and 9,
compared to lanes 4, 6, and 8, respectively, further confirming
the successful assembly in the presence of T. The concentrated
electrophoretic band in lane 9 verified the successful
construction of DNA nanonet assembly, which was further
supported by fluorescence spectra change (Figure 1B) and
atomic force microscopy (AFM) (Figure S1). Upon the
presence of the target, the dumbbell dual-hairpin underwent

19726

conformational changes, giving rise to an X-shaped DNA.
Consequently, a cyclic reaction was initiated in both horizontal
and vertical directions, facilitating mutual complementation and
extension in three-dimensional space, thus creating a local DNA
nanonet. At the same time, this local DNA nanonet maintains
the capability for base complementarity pairing and extension,
resulting in the formation of a larger DNA nanonet.

Optimization of Reaction Conditions. To optimize this
strategy, we focused on the reaction temperature, assembly time,
hairpin concentration, and pH of the buffer. These factors play
vital roles in DNA hybridization and the stability of hairpin
structures, thereby influencing the signal-to-background (F/F,)
ratio, where F represents the fluorescence intensity of the probes
in the presence of miR-141 and Fj represents the fluorescence
intensity in its absence.

After rigorous experimentation, we found that the optimal
temperature for our strategy was 40 °C (Figure 2A). At this
temperature, we observed a higher F/F, ratio due to reduced
hairpin stability, making it ideal for subsequent experiments.
Furthermore, we monitored the hairpin self-assembly process to
form a DNA nanonet assembly at different time intervals (Figure
2B). The F/F, ratio increased steadily with assembly time,
reaching a peak at approximately 3 h. In contrast, a negligible
fluorescence increase was observed in the absence of the target
miR-141. As a result, we determined 3 h as the optimal assembly
time for future experiments. During the optimization of the
reaction temperature and time, we noticed an interesting
observation. The FL intensity decreased after reaching a peak in
the presence of T. This suggested the possibility of a steric
hindrance effect in the DNA nanonet assembly, causing FAM to
be closer to BHQI than that in a planar configuration.
Additionally, we optimized the concentration of the hairpin
probes. Based on our findings, the F/F, ratio reached its
maximum at a hairpin concentration of 100 nM, indicating that
100 nM is the optimal concentration for accurate detection
(Figure 2C). Moreover, the pH of the reaction environment was
found to be crucial. At pH 7.4, the DNA nanonet assembly
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Figure 3. Analytical performance of the experimental design. (A) Fluorescence spectra of various miR-141 concentrations. (B) The linear relationship
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activated by T showed optimal effectiveness (Figure 2D).
Taking all of these factors into account, we established the
optimal reaction conditions: a hairpin concentration of 100 nM,
pH 7.4, and a reaction time of 3 h at 40 °C.

Sensitivity and Selectivity of miRNA-141 Detection.
To validate the effectiveness of our miR-141 detection strategy,
we performed repeated fluorescence spectroscopy under
optimal reaction conditions using different concentrations of
miR-141, and part of the results are shown in Figure S2. As
illustrated in Figure 3A, the fluorescence intensities of the probes
showed a gradual increase in proportion to the concentrations of
miR-141, demonstrating a linear relationship between miR-141
concentrations of 100 and 900 pM (Figure 3B). The obtained
linear regression equation (C, pM) was FL intensity (FI) = 0.05
X C + 155.67, with a high correlation coefficient (R* = 0.9989)
and a detection limit of 57.6 pM (36/k). Compared with other
isothermal enzyme-free detection methods, the detection limit
achieved in this study was higher. Even in the presence of
enzymes or precious metal nanomaterials, the decline in
detection ability was not obvious, indicating the sensitivity and
ingenuity of this study (Table 1).

Concurrently, we assessed the selectivity of our strategy by
testing six different oligonucleotides: one with a one-base
mismatch (M1), one with a two-base mismatch (M2), miR-
200b, miR-122, miR-429, and miR-21. Figure 3C shows that the
fluorescence intensity was significantly lower for these
oligonucleotides compared to miR-141, even in the presence
of a single-base mismatch. In addition, we tested the ability to
detect the target in complex mixtures. Figure 3D demonstrates
the capability of our proposed strategy to specifically detect the
target miR-141 even in complex biological mixtures (miR-141/
M1 = 1:99 or miR-141/M2 = 1:99).

Exosomes Characterization. Figure 4A presents the
workflow for utilizing exosomal miRNAs in our study. The
morphology of the purified exosomes derived from the plasma
and urine of patients with BPH, PCa, and mPCa was examined
by using TEM. As shown in Figure 4B, the exosomes displayed a
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Table 1. Comparison to Other Methods

limit of
linear interval detection
study materials targets (pM) (pM) reference
FAM, dumbbell miR-141  10>—(9 X 10%) 57.6 our
dual-hairpin study
FAM, miR-224  10°—(2 x 10%) 200 Sun et
metal—organic al®
framework, T4
DNA ligase,
phi29 DNA
polymerase
FAM, MnO, miR-21 10—(2 x 10%) 73 Wang et
nanosheet al.”
AgNCs miR-21 102—(2.5 x 10%) 20 Pan et
al.”
FAM, CDs, T7 miR-21  50-10* 1 Wang et
exonuclease al.

characteristic saucer-like shape and were stained using uranyl
acetate. Additionally, to validate the presence of the surface
protein markers CD63 and CD81 on the exosomes, a Western
blotting analysis was performed. Figure 4C illustrates distinct
bands confirming the presence of CD63 and CD81, further
supporting the identification of the isolated exosomes. These
results were compared to those obtained from PC3 cells.
Furthermore, a NTA was carried out to verify the size
distribution of the isolated plasma and urinary exosomes. The
results, shown in Figure 4D,E, confirmed that the number of
exosomes in blood and urine in mPCa patients, PCa patients,
and BPH patients progressively decreased.

Sample Detection. To demonstrate the practicality of our
method in detecting exosomal miR-141 expression in biological
samples, we performed total RNA extraction from exosomes
derived from the plasma and urine of three patient groups,
namely, BPH, PCa, and mPCa. After at least three repetitions,
the results obtained from our proposed strategy showed
remarkable consistency with those from qRT-PCR (Figure
4F,G), a standard miRNA detection method, effectively and
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Figure 4. Exosomal characterization and quantitation of exosomal miR-141. (A) The workflow for utilizing exosomal miRNAs in our study. (B)
Transmission electron microscope. (C) Western blotting. Exosomal concentrations of different cohorts in (D) urine and (E) plasma. Quantitation of
exosomal miR-141 of different cohorts in (F) urine and (G) plasma by qRT-qPCR and our method. Concentrations: miR-141, 10 nM; H1, H2, H3,

H4, 100 nM.

accurately distinguishing the disease status of patients. Our
noninvasive liquid biopsy approach, utilizing plasma and urine
samples, offers a precise and reliable diagnostic capability,
making it a promising and novel tool for accurate diagnosis and
treatment of PCa. This method holds significant potential to

assist medical practitioners in making well-informed decisions.
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B CONCLUSIONS

In conclusion, we have successfully developed an enzyme-free
fluorescence biosensing method for the accurate diagnosis of
PCa based on dumbbell dual-hairpin triggered DNA nanonet
assembly. This innovative strategy combines dumbbell dual-
hairpin and DNA nanonet assembly, resulting in significantly
enhanced detection sensitivity and specificity. One of the major
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advantages of this approach is its simplicity, as it involves an
isothermal reaction process that eliminates the need for complex
protocols, expensive and perishable enzymes, and sophisticated
equipment. This streamlined method not only improves
accessibility but also reduces costs, making it a more practical
and cost-effective option for use in clinical settings.

Furthermore, the versatility of the proposed strategy is
noteworthy, as it can be easily adapted for various diseases and
applications. For instance, by targeting the specific target of
interest and simply modifying the fragment of complementary
H1 and corresponding H2, H3, and H4, the method can be
applied to diagnose nucleic-acid-related diseases, detect
aptamer-based protein targets, and even enable in vivo imaging.
This adaptability and flexibility open up a wide range of
possibilities for its utilization in diverse diagnostic scenarios.

The development of this dumbbell dual-hairpin-triggered
DNA nanonet assembly approach represents a significant
advancement in the field of diagnostics, offering a promising
and powerful tool for the accurate and efficient detection of
biomarkers. Its potential applications extend beyond PCa
diagnosis, presenting exciting opportunities for broader
diagnostic applications in the medical field.
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